INTRODUCTION {#SEC1}
============

DNA double strand breaks (DSBs) are the most dangerous chromosomal lesions; they not only cause permanent cell cycle arrest and cell death but also induce cell transformation and tumorigenesis ([@B1],[@B2]). The accurate repair of DSBs is crucial for maintaining genomic stability and preserving cellular homeostasis ([@B3],[@B4]). Eukaryotic cells have two distinct DSB repair pathways, non-homologous end joining (NHEJ) and homologous recombination (HR) ([@B3],[@B4]).

P53-binding protein 1 (53BP1) is an important factor for class switch recombination and a key regulator of DSB processing and repair by NHEJ ([@B5],[@B6]). One of the most striking findings regarding 53BP1 is that its deficiency almost completely reverses the phenotype of BRCA1 deficiency, including in tumorigenesis, embryonic lethality and PARPi sensitivity ([@B7]--[@B10]). Recent studies have shown that 53BP1 dictates the DSB repair pathway by promoting NHEJ-mediated DSB repair while preventing DNA end resection-dependent HR ([@B11],[@B12]). The decision of which pathway to utilize for DSB is tightly controlled by the cell cycle and is critical for avoiding inaccurate DNA repair and maintaining genomic stability ([@B2],[@B4],[@B5]).

Although 53BP1 lacks apparent enzymatic activity, it functions by cooperating with downstream factors in a phosphorylation-dependent or phosphorylation-independent manner ([@B2],[@B6]). 53BP1 is a large protein that contains multiple interaction surfaces and structural elements, including BRCT and Tudor domains ([@B2],[@B6]). 53BP1 is usually considered a mediator of DSB signaling because it recruits numerous DSB-responsive proteins, such as expand1, PTIP and RIF1 ([@B11]--[@B19]).

53BP1, similar to many other DNA damage response (DDR) and repair proteins, must accumulate at sites of DNA DSBs to accomplish its functions ([@B2],[@B6]). 53BP1 is one of the proteins initially recruited to DSB sites via recognition of H4K20me2 through the Tudor-UDR domain and H2AK15ub through the UDR motif. This process is driven by a Tip60-ATM-mediated signaling cascade involving ATM-γ-H2AX-MDC1-RNF8/RNF168 and the activation of RNF8/RNF168-dependent chromatin ubiquitination ([@B2],[@B6],[@B20]--[@B26]). Moreover, RNF169 antagonizes the ubiquitin-dependent signaling cascade at DSBs and represses 53BP1 accumulation at DNA damage sites ([@B27]--[@B30]). Upon DNA damage, KDM4A/JMJD2A is degraded by RNF8/RNF168, leading to exposure of H4K20me2, which is critical for recognition by the tandem Tudor domain of 53BP1 ([@B31]). In addition, L3MBTL1 and TIRR repress the targeting of 53BP1 to DNA damage sites by masking the interaction between H4K20me2 and the Tudor domain of 53BP1 ([@B32]--[@B35]). Recent studies have also shown that the UDR domain of 53BP1 is essential for its recruitment to DNA damage sites by facilitating nucleosome binding through H2AK15 recognition, which is independent of Tudor domain-mediated H4K20me2 recognition ([@B36]--[@B38]). Further study revealed that the UDR of 53BP1 is a reader of the DNA-damage-induced H2A Lys 15 ubiquitin mark and also is required for 53BP1 foci formation ([@B37],[@B38]). ATM-mediated phosphorylation of the N-terminus of 53BP1 directly recruits the downstream factors PTIP/Artemis and RIF1/Rev7 ([@B39]--[@B41]). 53BP1, PTIP and RIF1 form a stable complex to compete with BRCA1 and inhibit CtIP-mediated end resection in HR.

Post-translational modifications, including phosphorylation, ubiquitination, ADP-ribosylation and methylation, play critical roles in regulating DNA repair factors at ionizing radiation (IR)-induced foci (IRIF) and are essential for the repair of DNA DSBs ([@B2],[@B42],[@B43]). Phosphorylation of 53BP1 by ATM is required for the recruitment of the downstream factors PTIP and RIF1 ([@B11]--[@B13],[@B16],[@B17]). It also has been shown in the previous study that 53BP1 is phosphorylated during mitosis on two residues, T1609 and S1618, also located in its UDR motif ([@B44],[@B45]). Phosphorylating these sites blocks the interaction of the UDR motif with nuclesomes containing ubiquitinated histone H2A and impedes binding of 53BP1 to mitotic chromatin ([@B44],[@B45]). Misregulation of this modification renders telomeres fusion and mitotic defect ([@B44],[@B45]). Moreover, UbcH7 or RNF168 is involved in regulating 53BP1 ubiquitination and regulating its protein stability or the initial recruitment of 53BP1 to DSBs, respectively ([@B46],[@B47]). Although extensive study about the post-translational modifications of 53BP1, it still remains unclear whether other post-translational modifications are involved in regulating 53BP1 function. Because 53BP1 plays a central role in DSB repair by mediating NHEJ and in PARPi resistance in BRCA1-deficient cells by restoring HR, it is crucial to identify novel post-translational modifications of 53BP1 and to determine whether and how specific 53BP1 modification is important for DNA repair and drug resistance.

In this study, we identified 53BP1 as an acetylated protein and found that acetylation of 53BP1 negatively regulates its recruitment to DSBs. CBP-mediated acetylation of K1626/1628 in the UDR motif disrupted the interaction between 53BP1 and nucleosomes, subsequently blocking the recruitment of 53BP1 and its downstream factors PTIP and RIF1 to DSB sites. Hyperacetylation of 53BP1, similar to depletion of 53BP1, restored PARPi resistance in BRCA1-deficient cells. Interestingly, 53BP1 acetylation was tightly regulated by HDACs to maintain balance between the HR and NHEJ pathways. Together, our results demonstrate that the acetylation of 53BP1 plays a key role in its recruitment to DSBs and reveal how specific 53BP1 modification modulates the choice of DNA repair pathway.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and plasmids {#SEC2-1}
-------------------------

HEK293T, HEK293A and HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were incubated in a humidified ECSO incubator with 5% CO~2~. All cDNAs were subcloned into pDONR201 (Invitrogen) as entry clones and subsequently transferred to gateway-compatible destination vectors for the expression of N- or C-tagged fusion proteins. All deletion mutants and point mutants were generated by PCR and verified by sequencing. HA-CBP, HA-CBP-Y1503F, HA-p300, Flag-Gcn5, Flag-Myst1 and Flag-Myst2 were gifts from Dr Jianyuan Luo.

Antibodies {#SEC2-2}
----------

The Ac-K1626/1628--53BP1 polyclonal antibody was generated and purified using the following peptide: aa 1620--1636, (C)DNLVEGK(Ac)RK(Ac)RRSNVSSP. The following specific antibodies were used: 53BP1 (612522, BD, San Jose, CA, USA), RPA32 p(S4/S8) (A300-245, Bethyl Laboratories), CBP (D6C6, Cell Signaling), HDAC2 (A0867, ABclonal), RIF1 (A300-569A, Bethyl Laboratories), γ-H2AX (05-636-1, Millipore), FLAG (F3165, Sigma), anti-acetylated lysine (9441, Cell Signaling), H2A (ab18255, Abcam), NBS1 (A301-289A, Bethyl Laboratories) and NBS1-p-S343 (3001, Cell Signaling).

Transfection and siRNA {#SEC2-3}
----------------------

Cells were transfected using polyetherimide. HeLa cells were transfected with specific siRNA or control siRNA using Lipofectamine 2000. The siRNAs were purchased from GenePharma (Shanghai). The gene targeting sequences were as follows: siCBP, GCAAGAAUGCCAAGAAGAAtt; siBRCA1, CAGCUACCCUUCCAUCAUAtt.

Immunoprecipitation and Western blotting {#SEC2-4}
----------------------------------------

NETN buffer (20 mM Tris--HCl \[pH 8.0\], 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40) was used to lyse HeLa cells or 293T cells by rotation at 4°C for 20 min. After the removal of cell debris by centrifugation (14 000 rpm for 10 min), the soluble fractions were collected and incubated with S protein agarose (Merck-Millipore) for 3 h at 4°C. S protein beads were washed three times with NETN buffer and boiled with 2× SDS loading buffer at 100°C for 8 min. The samples were then subjected to SDS-PAGE and immunoblotting with specific antibodies.

GST Pull-Down assay {#SEC2-5}
-------------------

The GST pull-down assay was performed as previously described. GST or GST fusion proteins were expressed and purified from BL21. After sonication, proteins were purified with glutathione Sepharose 4B beads. The samples were analyzed by western blot with the indicated antibodies.

*In vitro* acetylation and deacetylation assays {#SEC2-6}
-----------------------------------------------

53BP1 was acetylated *in vitro* as previously described ([@B48]). Briefly, GST and GST-Tudor-UDR were purified from *E. coli*, and SFB-CBP-HAT was purified from 293T cells. The acetylation reaction was carried out in HAT buffer (50 mM Tris--HCl \[pH 8.0\], 0.1 mM EDTA, 1 mM DTT and 10% glycerol) for 1 h at 30°C. The reactions were resolved by SDS-PAGE and analyzed by Coomassie brilliant blue staining and western blotting.

Colony formation assay {#SEC2-7}
----------------------

The cells were treated as indicated and plated in 60-mm dishes. After 14 days of treatment, the cells were washed with phosphate-buffered saline (PBS) and stained with 0.1% Coomassie brilliant blue in 10% ethanol for 30 min at room temperature. The stained dishes were washed with water, and the colonies were counted.

Immunostaining {#SEC2-8}
--------------

HeLa cells were cultured on coverslips and transfected with the indicated siRNA using a liposomal transfection reagent. Forty-eight hours after transfection, the cells were irradiated with the indicated dose of IR. After incubation for the indicated time, the cells were fixed in 4% formaldehyde at room temperature for 15 minutes and permeabilized with 0.25% Triton X-100 in 10 mM PBS for 5 min. After blocking non-specific antibody binding sites with 1% bovine serum albumin in 10 mM PBS, the cells were incubated with the indicated antibody at room temperature for 60 min. After three washes with PBS, the secondary antibody was added, and the cells were placed in the dark at room temperature for 30 min. They were then stained with DAPI to visualize nuclear DNA. Coverslips were placed on the glass slides with anti-fade solution, and the results were visualized using a ZEISS fluorescence microscope.

NHEJ assay {#SEC2-9}
----------

The NHEJ repair efficiency assay was described previously ([@B49]). Briefly, cells were transfected with linearized pcDNA3.1/puromycin (Invitrogen) and the pEGFP-C1 plasmid. Thirty-six hours later, the cells were collected, counted and plated on two plates. The transfection efficiency was determined and normalized to EGFP expression. After incubation for 14 days, the cells were washed with PBS and stained with 0.1% Coomassie brilliant blue in 10% ethanol for 30 min at room temperature. The stained dishes were washed with water, and the colonies were counted. Random plasmid integration events were normalized for transfection and plating efficiencies.

RESULTS {#SEC3}
=======

53BP1 is an acetylated protein, and 53BP1 acetylation is dramatically repressed by IR {#SEC3-1}
-------------------------------------------------------------------------------------

Post-translational modifications of 53BP1, such as phosphorylation, are critical for modulating 53BP1-mediated DDR function and dictating the DSB repair pathway by antagonizing BRCA1 through the recruitment of PTIP/Artemis and RIF1/Rev7 ([@B6]). Protein acetylation is important in many cellular processes, including DDR, but it remains unclear whether acetylation is involved in modulating 53BP1 function. Therefore, we determined whether 53BP1 could be acetylated *in vivo*. As shown in Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}, endogenous 53BP1 was confirmed to be acetylated *in vivo* based on immunoprecipitation with an anti-acetylated-lysine or anti-53BP1 antibody and western blotting with an anti-53BP1 or anti-acetylated-lysine antibody, respectively. As 53BP1 plays central roles in DNA DSB repair, we examined whether IR-induced DNA DSBs affect 53BP1 acetylation. Interestingly, 53BP1 acetylation was dramatically repressed by IR-induced DNA DSBs (Figure [1C](#F1){ref-type="fig"}).

![53BP1 is an acetylated protein, and its acetylation is dramatically repressed by ionizing radiation (IR). (**A**) 53BP1 was acetylated *in vivo*. HeLa cell lysates were immunoprecipitated with rabbit IgG and an anti-AcK (acetylated lysine) antibody. Western blot was performed with the indicated antibodies. (**B**) Endogenous 53BP1 was acetylated *in vivo*. HeLa cells were lysed, and immunoprecipitations were performed with rabbit IgG and a 53BP1 antibody. Western blot was performed with the indicated antibodies. (**C**) 53BP1 acetylation was repressed by IR. HeLa cells were treated with IR (10 Gy) and then incubated for 1 hour. The acetylation level was assessed by western blot with the indicated antibodies. (**D**) CBP acetylated 53BP1 *in vivo*. SFB-53BP1 was stably expressed in HEK293A cells. The indicated HATs were transfected into cells stably expressing 53BP1. The acetylation signal was detected by western blot with the indicated antibodies. (**E**) CBP acetylated 53BP1 in a dose-dependent manner. Increasing amounts of CBP were transfected into cells stably expressing SFB-53BP1. The acetylation signal was detected by western blot with the indicated antibodies. (**F**) CBP acetylation of 53BP1 depended on its HAT activity. HA-tagged CBP-WT and an inactive mutant (CBP-Y1503F) were transfected into cells stably expressing SFB-53BP1. Western blot was performed with the indicated antibodies. (**G**) CBP-HAT acetylated 53BP1 *in vitro*. SFB-53BP1 and Flag-CBP-HAT (residues 1100--1712) were purified from 293T cells, and an *in vitro* acetylation assay was performed. The acetylation signal was detected by western blot with the indicated antibodies. (**H**) 53BP1 acetylation was diminished in CBP-depleted cells. CBP was knocked down with siRNA in 293A cells stably expressing 53BP1, and western blot was performed with the indicated antibodies.](gkx1208fig1){#F1}

Next, we identified the acetyltransferase responsible for the acetylation of 53BP1. Upon transfection of certain acetyltransferases, such as p300, CBP, PCAF, Tip60, Gcn5, HAT1, MYST1 and MYST2, into 293A cells stably expressing 53BP1, we found that only CBP acetylated 53BP1 *in vivo* (Figure [1D](#F1){ref-type="fig"}). Importantly, CBP acetylated 53BP1 in a dose-dependent manner (Figure [1E](#F1){ref-type="fig"}). Co-immunoprecipitation (co-IP) assays confirmed the interaction between 53BP1 and CBP ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Ectopic expression of wild type (WT) or catalytically inactive (HAT domain) CBP and FLAG-tagged 53BP1 confirmed that CBP-mediated acetylation of 53BP1 depended on its HAT activity (Figure [1F](#F1){ref-type="fig"}). Meanwhile, *in vitro* acetylation analysis indicated that 53BP1 acetylation was dependent on CBP-HAT domain activity (Figure [1G](#F1){ref-type="fig"}). Moreover, we found that 53BP1 acetylation was significantly repressed in CBP-depleted cells, suggesting that CBP is essential for acetylating 53BP1 *in vivo* (Figure [1H](#F1){ref-type="fig"}). All these data show that CBP is sufficient and required for 53BP1 acetylation *in vivo*.

Acetylation of 53BP1 abolishes IR-induced 53BP1 foci formation {#SEC3-2}
--------------------------------------------------------------

It is interesting that 53BP1 acetylation is dramatically repressed in response to DNA DSBs. 53BP1 is a key regulator of DSB processing and repair by NHEJ; thus, we wondered whether acetylation regulates DSB signaling. 53BP1 is one of the proteins initially recruited to DNA damage sites, and this recruitment is extremely important for 53BP1 function and the choice of DSB repair pathway. Therefore, we first ascertained whether CBP-mediated acetylation of 53BP1 affects its recruitment to DSBs. HeLa cells were transfected with CBP-WT or catalytically inactive CBP-Y1503F for 36 h and then mock-treated or treated with 5 Gy of IR. Surprisingly, CBP-WT significantly repressed IR-induced 53BP1 foci formation, but CBP-Y1503F had no effect (Figure [2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"} and [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). In addition, neither CBP-WT nor CBP-Y1503F had a significant effect on γ-H2AX foci formation and 53BP1 protein level (Figure [2A](#F2){ref-type="fig"} andB, [Supplementary Figure S1B and C](#sup1){ref-type="supplementary-material"}).

![53BP1 acetylation decreases IR-induced 53BP1 foci formation. (**A**) Overexpressing CBP abolished 53BP1 foci formation. HA-CBP-WT and HA-CBP-Y1503F constructs were transfected into HeLa cells, which were then treated with IR (5 Gy) and incubated for 1 h before immunofluorescence analysis. (**B**) Histogram of the percentage of cells with \>10 53BP1 or γ-H2AX foci. Over 100 cells were counted. Data are presented as the mean ± SEM (*n* = 3, \*\*\**P* \< 0.001). (**C**) CBP acetylated the Tudor-UDR domain of 53BP1. HEK293T cells were transfected with SFB-Tudor-UDR and HA-CBP-WT or HA-CBP-Y1503F. Western blot was performed with the indicated antibodies. (**D**) The CBP inhibitor reduced the acetylation of the Tudor-UDR domain. HeLa cells stably expressing SFB-Tudor-UDR were treated with or without 10 μM C646 for 12 h. Western blot was performed with the indicated antibodies. (**E**) CBP-HAT acetylated the Tudor-UDR domain *in vitro*. GST or GST-Tudor-UDR purified from *E. coli* was incubated with SFB-CBP-HAT in HAT buffer for 1 h. Then, the reaction samples were boiled with SDS loading buffer and subjected to western blot with the indicated antibodies.](gkx1208fig2){#F2}

Previous investigations showed that the tandem Tudor domain and the UDR motif of 53BP1 were sufficient and required for IR-induced foci formation; therefore, we hypothesized that the potential sites of CBP-mediated acetylation were within this region. Indeed, the Tudor-UDR domain (residues 1052--1700), which contains the tandem Tudor domain and UDR motif, was acetylated *in vivo* ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}).

Ectopic expression of WT or catalytically inactive (HAT domain) CBP and SFB-Tudor-UDR, confirmed that the Tudor-UDR domain is acetylated by CBP *in vivo* (Figure [2C](#F2){ref-type="fig"}). Moreover, C646, a selective inhibitor of p300/CBP, clearly repressed the acetylation of Tudor-UDR (Figure [2D](#F2){ref-type="fig"}). To confirm these findings, *in vitro* acetylation assays were performed by incubating purified *E. coli*-expressed GST or GST-tagged Tudor-UDR with the acetyltransferase (HAT) domain of CBP (residues 1100--1712). The Tudor-UDR domain was indeed acetylated by CBP *in vitro* (Figure [2E](#F2){ref-type="fig"}).

53BP1 is acetylated at K1626/1628 by CBP {#SEC3-3}
----------------------------------------

To identify the 53BP1 acetylation sites, stably expressed 53BP1 was purified from 293A cells and analyzed by LC--MS/MS. Two acetylated lysine residues (K1626/1628) within 53BP1 were identified *in vivo* (Figure [3A](#F3){ref-type="fig"}). These residues are located in the UDR motif of 53BP1 and are conserved from human to yeast (Figure [3B](#F3){ref-type="fig"}), suggesting they may have an important function.

![53BP1 is acetylated at K1626/1628 by CBP. (**A**) 53BP1 acetylation was analyzed by mass spectrometry (MS). SFB-53BP1 was purified from stable 293T cells prior to MS analysis. (**B**) Alignment of K1626/1628 in 53BP1 orthologues. (**C**) Mutation of K1626/1628 significantly decreased the acetylation of the Tudor-UDR domain. SFB-Tudor-UDR and K1626/1628R-Tudor-UDR were transfected into 293T cells. SFB-Tudor-UDR was pulled down from cell lysates using S protein beads and immunoblotted with the indicated antibodies. (**D**) The specificity of the antibody against AcK1626/1628--53BP1 was verified by dot blot assays. The nitrocellulose membrane was spotted with the indicated amounts of unacetylated or acetylated 53BP1 peptides and immunoblotted with the AcK1626/1628--53BP1 antibody. (**E**) Verification of the specificity of the AcK1626/1628--53BP1 antibody. SFB-53BP1-WT or SFB-53BP1-K1626/1628R was transfected into 293T cells. SFB-53BP1 was pulled down from cell lysates using S protein beads and immunoblotted with the indicated antibodies. (**F**) CBP acetylated 53BP1 at K1626/1628. Increasing amounts of HA-CBP were transfected into cells stably expressing SFB-53BP1, and 53BP1 K1626/1628 acetylation was detected with the AcK1626/1628--53BP1 antibody. (**G**) IR repressed 53BP1 acetylation at K1626/1628. Cells stably expressing SFB-53BP1 were treated with increasing doses of IR, incubated for 2 h, collected and lysed for acetylation analysis. Anti-NBS1-p343ser was used as a marker of DNA damage.](gkx1208fig3){#F3}

To confirm that K1626/1628 are the major acetylated residues of 53BP1, they were replaced with arginine by mutagenesis. As shown in Figure [3C](#F3){ref-type="fig"}, the acetylation of the 53BP1-K1626/1628R mutant was significantly decreased compared to that of WT 53BP1, suggesting that K1626/1628 are the major acetylation sites of 53BP1.

To further prove acetylation of 53BP1 at K1626/1628 *in vivo*, an antibody that specifically recognizes AcK1626/1628--53BP1 was generated. The specificity of the antibody against AcK1626/1628--53BP1 was verified by dot blot assay (Figure [3D](#F3){ref-type="fig"}) and by its ability to recognize 53BP1-WT rather than the 53BP1-K1626/1628R mutant (Figure [3E](#F3){ref-type="fig"}). K1626/1628 were acetylated by CBP in a dose-dependent manner (Figure [3F](#F3){ref-type="fig"}). We further investigated whether 53BP1 K1626/1628 acetylation is regulated by DNA damage. Consistent with previous results, IR-induced DNA DSBs significantly repressed 53BP1 K1626/1628 acetylation (Figure [3G](#F3){ref-type="fig"}). To evaluate the percentage of acetylation occupancy on K1626/1628 of 53BP1, we performed the immunofluorescence experiment by using K1626/1628ac antibody. As expected, most HeLa cells are 53BP1-K1626/1628ac positive compare with 53BP1 knockout cells, suggesting that the acetylation occupancy on K1626/1628 is very high percentage ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Taken together, we concluded that 53BP1 is acetylated at residues K1626/1628 by CBP and that DNA damage negatively regulates this process.

K1626/1628 acetylation negatively regulates 53BP1 foci formation {#SEC3-4}
----------------------------------------------------------------

It was surprising that CBP-mediated acetylation of 53BP1 dramatically repressed 53BP1 foci formation (Figure [2A](#F2){ref-type="fig"}); thus, we wondered whether 53BP1 K1626/1628 acetylation was responsible for this result. We generated the 53BP1-K1626/1628R mutant in the Tudor-UDR domain, which mimics un-acetylated 53BP1, and the 53BP1-K1626/1628Q mutant in the Tudor-UDR domain, which mimics hyperacetylated 53BP1. We compared foci formation in HeLa cells stably expressing Tudor-UDR-WT, Tudor-UDR-K1626/1628R or Tudor-UDR-K1626/1628Q. Compared with untreated cells, there was no difference between Tudor-UDR-K1626/1628R and Tudor-UDR-WT upon DNA damage (Figure [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). However, the K1626/1628Q mutant, which mimics the hyperacetylated Tudor-UDR domain, significantly inhibited 53BP1 foci formation compared with Tudor-UDR-WT (Figure [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). The same results were observed upon reconstituting full length 53BP1 and 53BP1 K1626/1628Q in 53BP1-knockout cells ([Supplementary Figure S2C and D](#sup1){ref-type="supplementary-material"}). These data suggested that the K1626/1628 acetylation status of 53BP1 is critical for its foci formation ability.

![K1626/1628 acetylation negatively regulates 53BP1 foci formation. (**A**) K1626/1628 acetylation repressed foci formation of the Tudor-UDR domain. HeLa cells stably expressing SFB-Tudor-UDR-WT, SFB-Tudor-UDR-K1626/1628R, or SFB-Tudor-UDR-K1626/1628Q were treated with IR (5 Gy). After incubation for 1 hour, the cells were subjected to immunofluorescence. (**B**) Histogram of the percentage of cells with \>10 IRIF of the Tudor-UDR domain. Over 100 cells were counted. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01). (**C**) Western blot confirmed 53BP1 expression in 53BP1-knockout and control cells. (**D**) 53BP1 K1626/1628 acetylation repressed PTIP/RIF1 foci formation. GFP-53BP1-WT or the GFP-53BP1-K1626/1628Q mutant was reconstituted in 53BP1-knockout cells. 53BP1 and PTIP or RIF1 foci formation was analyzed 1 hour after IR (5 Gy) treatment. (**E, F**) Quantification of PTIP and RIF1 foci formation with the indicated 53BP1 constructs. Data are presented as the mean ± SEM (*n* = 3, \*\*\**P* \< 0.001, \*\**P* \< 0.01).](gkx1208fig4){#F4}

Since ATM-mediated phosphorylation of 53BP1 at its N-terminal SQ/TQ motif directly recruits PTIP and RIF1 to promote NHEJ, we investigated whether these factors are affected by 53BP1 acetylation. After reconstituting GFP-53BP1-WT and GFP-53BP1-K1626/1628Q in 53BP1-knockout cells, PTIP and RIF1 foci formation were detected upon IR treatment. As expected, 53BP1-knockout cells and GFP-53BP1-K1626/1628Q-reconstituted cells showed significant disruption of PTIP and RIF1 foci formation (Figure [4C](#F4){ref-type="fig"}--[F](#F4){ref-type="fig"}). GFP-53BP1-WT-reconstituted cells efficiently recovered PTIP and RIF1 foci formation (Figure [4C](#F4){ref-type="fig"}--[F](#F4){ref-type="fig"}).

Acetylation of K1626/1628 inhibits the binding between 53BP1 and H2Aub {#SEC3-5}
----------------------------------------------------------------------

Previous studies revealed that the accumulation of 53BP1 at DSBs requires recognition of H4K20me2 via the tandem Tudor-UDR domain and of H2A via the UDR motif, a C-terminal extension of the Tudor domain. In addition, 53BP1 oligomerization is critical for its recruitment to DSBs.

To better understand the mechanism by which acetylation represses 53BP1 foci formation, we ascertained which step is affected. First, we determined whether K1626/1628 acetylation alters 53BP1 oligomerization. SFB-Tudor-UDR-WT, SFB-Tudor-UDR-K1626/1628R, or SFB-Tudor-UDR-K1626/1628Q was used to pull-down Myc-Tudor-UDR-WT, Myc-Tudor-UDR-K1626/1628R, or Myc-Tudor-UDR-K1626/1628Q, respectively, but there were no differences in the oligomerization of WT 53BP1, hypoacetylated 53BP1 and hyperacetylated 53BP1 (Figure [5A](#F5){ref-type="fig"}). Next, we further explored whether the acetylation status of 53BP1 affects the recognition of H4K20me2. Biotin-labeled H4K20me2 peptide was used to pull down GST, GTS-Tudor-UDR-WT or GST-Tudor-UDR-K1626/1628Q, which mimics hyperacetylated 53BP1. There were no differences in the binding between the Tudor-UDR domain and the H4K20me2 peptide (Figure [5B](#F5){ref-type="fig"}). Considering that K1626/1628 is located in the UDR domain of 53BP1, which is required for the recognition of modified nucleosomes, we wondered whether K1626/1628 acetylation affects the interaction of 53BP1 with chromatin. Daniel Durocher\'s group has observed a UDR-dependent interaction between 53BP1 and histones H2A, H3 and H4 ([@B36]--[@B38]). We reproduced this observation in GST pull-down assays. Moreover, we found that the hyperacetylated UDR motif almost completely disrupted the interaction between 53BP1 and H2Aub or H2A, suggesting that acetylation of the UDR motif is extremely important for regulating the recruitment of 53BP1 to chromatin (Figure [5C](#F5){ref-type="fig"}). We confirmed this observation *in vivo* (Figure [5D](#F5){ref-type="fig"}). Moreover, C646, a potent inhibitor of CBP/p300, increased the interaction between H2A and Tudor-UDR-WT but had no effect on the interaction between H2A and Tudor-UDR-K1626/1628Q, suggesting that this interaction was influenced by acetylation of the UDR motif ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). These data suggested that CBP-mediated 53BP1 K1626/1628 acetylation has no effect on oligomerization and H4K20me2 recognition, but is critical for regulating the interaction between 53BP1 and nucleosomes.

![K1626/1628 acetylation inhibits the binding between 53BP1 and H2A. (**A**) K1626/1628 acetylation did not affect oligomerization of the Tudor-UDR domain. SFB-Tudor-UDR-WT, SFB-Tudor-UDR-K1626/1628R or SFB-Tudor-UDR-K1626/1628Q was co-transfected with Myc-Tudor-UDR-WT, Myc-Tudor-UDR-K1626/1628R or Myc-Tudor-UDR-K1626/1628Q, respectively. SFB-Tudor-UDR was pulled down from cell lysates using S protein beads and immunoblotted with the indicated antibodies. (**B**) K1626/1628 acetylation did not affect the interaction between H4K20me2 and the Tudor-UDR domain. Biotin-labeled H4K20me2 peptides pulled down *E. coli*-expressed GST, GST-Tudor-UDR-WT or GST-Tudor-UDR-K1626/1628 using streptavidin agarose. (**C**) K1626/1628 acetylation inhibited the interaction between the Tudor-UDR domain and H2A in the GST pull-down assay. *E. coli*-purified GST, GST-Tudo-UDRr-WT or GST-Tudor-UDR-K1626/1628 was pulled down in the chromatin-enriched fraction of IR-treated (10Gy) HeLa cells. (**D**) The K1626/1628 acetylation mimic mutant disrupted the interaction between H2A and the Tudor-UDR domain. HEK293T cells were transfected with the indicated plasmid for 36 hours and treated with IR (10 Gy). Then, pull-down assays were conducted using S protein beads. (**E**) CBP-mediated K1626/1628 acetylation disrupted the interaction between Tudor-UDR and H2A. *Escherichia coli*-purified GST-Tudor-UDR was incubated with or without IR-treated (10 Gy) 293T-purified SFB-CBP-HAT in HAT buffer for 1 h. Then, samples were subjected to pull-down assays in NETN buffer and chromatin-enriched cell lysates as described in the procedures. (**F**) siRNA-mediated CBP knockdown enhanced the interaction between endogenous 53BP1 and H2A. Control siRNA or CBP siRNA was transfected twice into HeLa cells for 72 h and treated with 10 Gy IR. After releasing for 6 h, the cells were lysed in RIPA buffer and co-immunoprecipitated with the 53BP1 antibody. (**G, H**) 53BP1-UDR interacted with the NCP mainly through an acidic/negatively charged patch formed by H2A and H2B using several basic/positively charged residues, including K1626 and K1628.](gkx1208fig5){#F5}

To further confirm the effect of K1626/1628 acetylation on the interaction between H2A and 53BP1, K1626/1628 was acetylated *in vitro*. Acetylated K1626/1628, which is within the UDR motif, significantly reduced the interaction between 53BP1-Tudor-UDR and H2A (Figure [5E](#F5){ref-type="fig"}). To further confirm that the acetylation status of the UDR motif is critical for regulating the endogenous association of 53BP1 and H2A *in vivo*, endogenous co-IP assays were performed using a 53BP1 antibody in the presence or absence of CBP depletion. As shown in Figure [5F](#F5){ref-type="fig"}, CBP depletion reduced K1626/1628 acetylation but enhanced the interaction between 53BP1 and H2A.

The complex structure of 53BP1-UDR and an H2AK15-ubiquitinated/H4K20-dimethylated nucleosome core particle (NCP) was drawn from PDB 5KGF \[PMID 27462807\]. 53BP1-UDR interacts with the NCP mainly through an acidic/negatively charged patch formed by H2A and H2B using several basic/positively charged residues, including K1626 and K1628 \[PMID 27462807\] (Figure [5G](#F5){ref-type="fig"}). The positively charged 53BP1-UDR K1626 residue interacts with the negatively charged H2A D90/E91/E92 and H2B E105 residues, while K1628 interacts with H2A E61/E64 (Figure [5H](#F5){ref-type="fig"}). The structure revealed that the acetylation of 53BP1-UDR K1626/1628 neutralizes the positive charge, thereby weakening the interaction between 53BP1-UDR and the NCP.

53BP1 K1626/1628 acetylation in tightly regulated by HDAC2 {#SEC3-6}
----------------------------------------------------------

Acetylation is a highly dynamic post-translational modification, and the balance between acetylation and deacetylation plays critical roles in modulating protein function. We found that TSA significantly increased 53BP1 acetylation in a dose-dependent manner, implying that HDACs may be involved in deacetylating 53BP1 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). We found that 53BP1 K1626/1628 acetylation significantly decreased with increasing HDAC2 expression and slightly decreased with increasing HDAC1 expression (Figure [6A](#F6){ref-type="fig"}). Moreover, HDAC2 depletion led to a clear increase in 53BP1 K1626/1628 acetylation level (Figure [6B](#F6){ref-type="fig"}). It was interesting that HDAC2 could regulate 53BP1 K1626/1628 acetylation; we further showed that endogenous 53BP1 specifically interacted with endogenous HDAC2 (Figure [6C](#F6){ref-type="fig"}).

![53BP1 K1626/1628 acetylation is tightly regulated by HDAC2. (**A**) HDAC2 specific deacetylates 53BP1 at K1626/1628. HEK293A cells stably expressing SFB-53BP1 were transfected with increasing amounts of HDAC1 or HDAC2. Then, K1626/1628 acetylation was assessed with the specific AcK1626/1628--53BP1 antibody. (**B**) Depletion of HDAC2 increases 53BP1 K1626/1628 acetylation. HeLa cells transfected with control or HDAC2 siRNA were harvested and immunoblotted with the indicated antibodies. (**C**) Endogenous HDAC2 interacted with endogenous 53BP1. HeLa cells were lysed with NETN buffer, and the cell lysates were subjected to immunoprecipitation with rabbit IgG or anti-HDAC2 antibody. After incubation with Protein A agarose, the samples were analyzed by western blot with the indicated antibodies. (**D**) The interaction of 53BP1 with HDAC2 was induced by DNA damage, which is mainly dependent on ATM kinase. Myc-HDAC2 was transfected into HEK293A cells stably expressing SFB-53BP1, which were then treated with 10 μM ATM inhibitor (KU-55933) for 2 h before IR (10 Gy) treatment. After incubation for 2 h, the cells were lysed with RIPA buffer, and co-IP assays were performed with the indicated antibodies. (**E**) The interaction between HDAC2 and 53BP1 was dependent on HDAC2-S4 phosphorylation. Myc-HDAC2-WT or Myc-HDAC2-S4A was transfected into HEK293A cells stably expressing SFB-53BP1, which were then treated with IR (10 Gy). After incubation for 2 hours, co-IP assays were conducted with the indicated antibodies. (**F**) The tandem BRCT motifs mediated the interaction between 53BP1 and phosphorylated HDAC2. Lysates from cells expressing exogenous Myc-HDAC2-WT or Myc-HDAC2-S4A that were treated with IR (10 Gy) and λ protein phosphatase or mock control were incubated with beads coated with *E. coli*-expressed GST or GST-53BP1-BRCTs293T. (**G**) FK228 increased 53BP1 K1626/1628 acetylation. HEK293A cells stably expressing SFB-53BP1 were treated with increasing concentrations of FK228 (specific inhibitor of HDAC1 and HDAC2 at low concentration), and K1626/1628 acetylation was analyzed by western blot. (**H**) FK228 specifically repressed the foci formation of WT 53BP1 but not of the 53BP1-K1626/1628R mutant. HeLa cells stably expressing SFB-53BP1-or and SFB-53BP1-K1626/1628R were treated with FK228 (2.5 nM) for 24 h. Then, after IR (5 Gy) treatment and a 2-h incubation, cells were subjected to immunofluorescence analysis. (**I**) Histogram of the percentage of cells with \>10 IRIF. Over 100 cells were counted. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001). (**J**) The 53BP1 K1626/1628 acetylation and 53BP1/HDAC2 interaction is cell cycle--regulated. HeLa cells stably expressed 53BP1 were synchronized by double thymidine block, and then released in fresh medium without thymidine and collected in G1 and S phase. Immunoprecipitation and immunoblotting experiments were performed using antibodies as indicated.](gkx1208fig6){#F6}

It is important to know how 53BP1 acetylation is repressed by IR. We determined that interaction between 53BP1 and HDAC2 was induced by DNA damage and was mainly dependent on ATM kinase (Figure [6D](#F6){ref-type="fig"}). ATM preferentially phosphorylates many downstream substrates at SQ/TQ sites to trigger cellular responses after DNA damage. HDAC2 contains an SQ (S4) site at the extreme N-terminus, and replacing the serine with alanine disrupted the interaction of 53BP1 with HDAC2 (Figure [6E](#F6){ref-type="fig"}), suggesting that this interaction is phosphorylation dependent. 53BP1 contains two BRCT domains, which are phosphoprotein-binding domains. To further evaluate whether the interaction between 53BP1 and HDAC2 is phosphorylation dependent, cell lysates were treated with λ protein phosphatase and subjected to a GST pull-down assay. The interaction between 53BP1 and HDAC2 was abolished after treatment with λ protein phosphatase, but HDAC2-S4A failed to interact with the BRCT domains of 53BP1 in the absence of λ protein phosphatase treatment (Figure [6F](#F6){ref-type="fig"}), suggesting that phosphorylation of HDAC2 at S4 is required for the 53BP1/HDAC2 interaction.

Importantly, the degree of 53BP1 K1626/1628 acetylation was markedly increased by FK228, a selective and relatively specific HDAC1 and HDAC2 inhibitor at low concentration (Figure [6G](#F6){ref-type="fig"}). We showed that 53BP1 acetylation is critical for its association with chromatin and foci formation; therefore, we questioned the effect of repressing the deacetylation of 53BP1. As expected, foci formation of 53BP1 and its downstream factor RIF1 was significantly reduced by FK228 ([Supplementary Figure S4B and C](#sup1){ref-type="supplementary-material"}), which markedly increased 53BP1 K1626/1628 acetylation (Figure [6G](#F6){ref-type="fig"}). Interestingly, FK228 inhibited only WT 53BP1 foci formation, not that of the 53BP1-K1626/1628R mutant (Figure [6H](#F6){ref-type="fig"} and [I](#F6){ref-type="fig"}), suggesting that FK228 represses 53BP1 foci formation by regulating the K1626/1628 acetylation status.

Importantly, 53BP1 K1626/1628 acetylation was enriched in S phase but limited in G1 phase (Figure [6J](#F6){ref-type="fig"}), while the interaction between 53BP1 and HDAC2 increased in G1 phase and decreased in S phase (Figure [6J](#F6){ref-type="fig"}), suggesting that 53BP1 K1626/1628 acetylation was tightly regulated by HDAC2 not only in DNA damage response but also in cell cycle stages.

53BP1 K1626/1628 acetylation restores PARPi resistance in BRCA1-deficient cells by promoting DNA end resection and HR repair {#SEC3-7}
----------------------------------------------------------------------------------------------------------------------------

It is interesting that 53BP1 K1626/1628 acetylation was tightly regulated in DNA damage response and cell cycle stages. 53BP1 is an important factor in DSB signaling for class switch recombination and is a key regulator of DSB processing and repair by NHEJ. 53BP1 K1626/1628 acetylation inhibits 53BP1 recruitment to DSBs by weakening the interaction between 53BP1-UDR and the NCP. We first investigated whether 53BP1 K1626/1628 acetylation affects 53BP1-mediated DNA repair ability. Compared with normal cells or 53BP1-WT-reconstituted cells, 53BP1-knockout cells and 53BP1-K1626/1628Q-reconstituted cells were more sensitive to IR (Figure [7A](#F7){ref-type="fig"}), suggesting that K1626/1628 acetylation impairs 53BP1-mediated DSB repair.

![53BP1 K1626/1628 acetylation restores PARPi resistance in BRCA1-deficient cells by promoting DNA end resection and HR. (**A**) Hyperacetylated 53BP1 caused IR sensitivity. 53BP1-WT or 53BP1-K1626/1628Q was reconstituted in 53BP1-knockout HeLa cells. The relative expression of each reconstituted protein is shown. The cell viability was assessed after the indicated IR treatment. The histogram shows the statistical analysis of the colony formation assay. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001). (**B**) Hyperacetylated 53BP1 caused PARPi resistance in BRCA1-deficient cells. Hyperacetylated 53BP1 caused IR sensitivity. 53BP1-WT or 53BP1-K1626/1628Q was reconstituted in 53BP1-knockout HeLa cells. Control siRNA or BRCA1 siRNA was transfected twice into the indicated cells for 72 h, and cells were treated with control or 1 μM PARPi for 24 h. After 14 days, the colonies were counted, and the result are presented in the histogram. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001). The BRCA1 knockdown efficiency is shown in [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}. (**C**) HeLa cells and 53BP1-knockout cells were transfected with control siRNA or BRCA1 siRNA for 72 h as indicated. The cells were treated with FK228 (2.5 nM) for 12 h prior to treatment with PARPi (1 μM) for 24 h. The colony formation results are presented in the histogram. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001). (**D, E**) p-RPA2 foci formation was increased in K1626/1628Q-reconstituted cells (arrested in G1 phase). The indicated cells were treated with IR (3 Gy) and incubated for 1 hour. HeLa cells with \>10 p-RPA2 foci were counted. Over 100 cells were counted. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001). (**F, G**) Rad51 foci formation was increased in K1626/1628Q-reconstituted cells. The indicated cells were treated with IR (3 Gy) and incubated for 1 hour. HeLa cells with \>10 Rad51 foci were counted. Over 100 cells were counted. Data are presented as the mean ± SEM (*n* = 3, \*\**P* \< 0.01, \*\*\**P* \< 0.001).](gkx1208fig7){#F7}

The recruitment of 53BP1 to damaged chromatin dictates the DSB repair pathway by promoting NHEJ-mediated DSB repair and preventing HR. Our data clearly showed that 53BP1 K1626/1628 acetylation represses its recruitment to DSBs; thus, we reasoned that K1626/1628 acetylation may prevent NHEJ and promote DNA end resection and HR. Indeed, reconstitution of 53BP1-WT, but not of the 53BP1-K1626/1628Q mutant, in 53BP1-knockout cells resensitized BRCA1-deficient cells to PARPi (Figure [7B](#F7){ref-type="fig"}). The efficiency of BRCA1 depletion is shown in [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}. PARPi sensitivity was restored in BRCA1-deficient cells by co-treatment with FK228 (Figure [7C](#F7){ref-type="fig"}), which significantly increased 53BP1 K1626/1628 acetylation and repressed WT 53BP1 foci formation but not that of the 53BP1 K1626/1628R mutant. These data indicated that K1626/1628 acetylation, which abolished 53BP1 foci formation and the interaction with H2A, was important for the function of 53BP1 in inhibiting HR-mediated repair.

To confirm that 53BP1 K1626/1628 acetylation restores PARPi resistance in BRCA1-deficient cells by promoting DNA end resection and HR, we analyzed RPA2 foci (marker of DNA end resection) and Rad51 foci (marker of HR repair) in cells depleted of both 53BP1 and BRCA1. Both RPA2 foci and Rad51 foci were restored by reconstitution of 53BP1-K1626/1628Q in BRCA1-deficient cells (Figure [7D](#F7){ref-type="fig"}--[G](#F7){ref-type="fig"}). Moreover, NHEJ activity was significantly repressed while HR efficiency was promoted by the reconstitution of 53BP1-K1626/1628Q in 53BP1-knockout cells ([Supplementary Figure S5B and S5C](#sup1){ref-type="supplementary-material"}). These data clearly showed that 53BP1 K1626/1628 acetylation restores PARPi resistance in BRCA1-deficient cells by repressing NHEJ and promoting DNA end resection and HR-mediated repair.

DISCUSSION {#SEC4}
==========

53BP1 is a key regulator of DNA DSBs that promotes NHEJ repair and inhibits HR by antagonizing BRCA1 ([@B6]). Previous studies had also proposed that the acetylation histones, such as H4K16, inhibit 53BP1 recruitment DSBs ([@B20],[@B21],[@B23],[@B50]). In this study, we provide evidence that CBP-mediated K1626/1628 acetylation of 53BP1 represses 53BP1 foci formation and abolishes PARPi sensitivity in BRCA1-deficient cells. Mechanistically, 53BP1 K1626/1628 acetylation disrupts the interaction between 53BP1 and nucleosomes; this acetylation is tightly regulated by ATM-dependent HDAC2 deacetylation. Thus, our findings reveal how acetylation regulates BRCA1 antagonism by 53BP1 and dictates the choice of DNA DSB repair pathway (Figure [8](#F8){ref-type="fig"}).

![Working model. 53BP1 is hyperacetylated in the absence of DNA damage, and this modification is regulated by CBP. Hyperacetylated K1626/1628 prevents 53BP1 and the downstream factors PTIP and RIF1 associate with nucleosome. When DNA damage occurs, ATM-mediated phosphorylation of HDAC2 promotes the interaction of HDAC2 with 53BP1 and the deacetylation of 53BP1 at K1626/1628, which led to the association of 53BP1 with DSBs and the accumulation of 53BP1 facilitates the recruitment of PTIP, RIF1 and other NHEJ elements to damage sites. In BRCA1-deficient cells, deacetylated 53BP1 accumulates at DSBs and promotes toxic NHEJ to kill the cells in the presence of PARPi. However, hyper-acetylated 53BP1, similar as loss of 53BP1, abolishes PARPi sensitivity in BRCA1-deficient cells by restoring HR.](gkx1208fig8){#F8}

Protein acetylation, similar to phosphorylation and ubiquitination, is emerging as an important regulator of signal transduction in response to DNA damage ([@B51],[@B52]). Numerous DNA repair proteins have been identified to undergo lysine acetylation, including MDC1, NBS1, ATM, TopBP1 and CtIP ([@B22],[@B53]--[@B56]), indicating that the acetylation of DNA repair factors plays potential roles in the response to and repair of cellular DNA damage. We discovered that 53BP1 is acetylated *in vitro* and *in vivo* by CBP, which acetylates various non-histone proteins such as p53, Ku70 and PCNA ([@B57]).

Our data has shown that CBP acetylated 53BP1 and repressed its recruitment to DSBs (Figure [2](#F2){ref-type="fig"}). Therefore, the mass spectrometry analyses were performed to identify the acetylation residues in cells stably expressed 53BP1-Tudor-UDR, which is regarded as foci forming region of 53BP1. The mass spectrometry and further studies revealed that 53BP1-Tudor-UDR was acetylated at residues K1626/1628 by CBP (Figure [3](#F3){ref-type="fig"}). However, acetylation is one of the most common post-translational modifications and 53BP1 is a large protein containing multiple interaction surfaces for numerous DSB-responsive proteins, so we believe it is very possible that there are other potential acetylation residues among 53BP1. For example, it would be interesting to explore that whether the acetylation of 53BP1 could affect its phosphorylation and further affect RIF1 and PTIP recruitment. We are currently improving our methodology to identify additional acetylation sites and will also investigate whether these acetylation events are important for the functions of 53BP1.

Generally, acetylation of a protein induces a conformational change and affects its interaction with other proteins or DNA by neutralizing the positive charge of the amino group ([@B38]). For example, p53 acetylation reduces its interaction with Mdm2 and SET ([@B58],[@B59]) but increases its association with DNA ([@B60]). In our study, we reveal that the positively charged 53BP1-UDR K1626 residue interacts with the negatively charged H2A D90/E91/E92 and H2B E105 residues, while K1628 interacts with H2A E61/E64. The structure revealed that acetylation of the 53BP1-UDR K1626/1628 residues neutralizes their positive charges, thereby weakening the interaction between 53BP1-UDR and the nucleosome. 53BP1-K1626/1628Q, which mimics hyperacetylated 53BP1, showed a weaker interaction with H2A compared with WT 53BP1, indicating that the change in charge affects the conformation and nucleosome binding ability.

53BP1 must be recruited to sites of DNA damage to play a role in repair and to inhibit end resection. Previous studies on the dynamic regulation of 53BP1 recruitment to chromatin flanking DSBs focused on histone modification, such as H4K20me2 and H2AK15ub ([@B6],[@B37]). We propose that post-translational modification of 53BP1, such as acetylation of K1626/1628 within the UDR motif, is also critical for modulating its recruitment to DNA DSBs. The UDR motif, C-terminal to the tandem Tudor domain, confers both ubiquitin and nucleosome recognition to 53BP1 and is required for the efficient formation of 53BP1 foci. In addition, Daniel Durocher\'s group clearly showed that the C-terminus of the UDR motif interacts with the acidic patch of H2A and is required for the interaction between 53BP1 and nucleosomes ([@B37],[@B38]). It is consistent with our observation that CBP-mediated K1626/1628 acetylation disrupted the interaction between 53BP1 and H2A (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}).

53BP1 K1626/1628 acetylation is tightly regulated when DNA DSBs occur. Our data show that the 53BP1 K1626/1628 acetylation level quickly declines in response to IR and that this process is mediated by HDAC2. We found that HDAC2 is a novel substrate of ATM and that the interaction between HDAC2 and 53BP1-BRCTs is phosphorylation dependent. However, the DSBs recruitment of 53BP1 lacking its BRCT domains is not noticeably different from its full-length counterpart. We provide evidence that HDAC2 deacetylates 53BP1 *in vivo*, but we cannot rule out the possibility that other deacetylases in addition to HDAC2 could be able to deacetylate 53BP1. In fact, although overexpressed HDAC2 greatly reduced the acetylation level of 53BP1, overexpressed HDAC1 also reduced the 53BP1 acetylation level slightly (Figure [6A](#F6){ref-type="fig"}). Therefore, we believe that in addition to HDAC2, there are other HDACs or SIRTs also could deacetylate 53BP1. And the interactions between 53BP1 with other potential deacetylases may be not mediated by BRCT domain of 53BP1. Future studies are warranted to confirm whether more deacetylases are involved in regulating 53BP1 and determine the significance of 53BP1-BRCT domains on its acetylation status upon physiological and pathological cellular processes.

53BP1 K1626/1628 acetylation was enriched in S phase but limited in G1 phase (Figure [6J](#F6){ref-type="fig"}), while the interaction between 53BP1 and HDAC2 increased in G1 phase and decreased in S phase (Figure [6J](#F6){ref-type="fig"}), suggesting that 53BP1 K1626/1628 acetylation was tightly regulated by HDAC2 not only in DNA damage response but also in cell cycle stages. Future studies will be devoted to assess whether an HDAC2 pS4-derived peptide interacts directly with the 53BP1-BRCT domains and the significance of this interaction.

In this study, we revealed that the acetylation status of 53BP1 plays a key role in its recruitment to DSBs and elucidated how this specific 53BP1 modification modulates the choice of DNA repair pathway. We believe that this represents one of the ways how regulate 53BP1 accumulation at DNA break ends, not only depend on histone modification, but also is regulated by post-modification of 53BP1. Further study will focus on this acetylation dynamics and determine whether deregulation of this process contributes to broad biological significance, such as tumorigenesis and drug resistance in humans.
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